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Abstract
Background  Sildenafil is used to treat erectile dysfunction and pulmonary arterial hypertension and is metabolized in the 
liver mainly by CYP3A4, thus co-administration with drugs or herbal extracts that affect CYP3A4 activity may lead to drug-
drug or drug-herb interactions, respectively. The aim of the present study was to evaluate the influence of single and multiple 
oral doses of methylxanthine fraction, isolated from Bancha green tea leaves on the pharmacokinetics of sildenafil in rats.
Methods  Rats were given sildenafil alone as well as simultaneously with methylxanthines or ketoconazole. The plasma 
concentrations of sildenafil were measured with high-performance liquid chromatography method with ultraviolet detection. 
The pharmacokinetic parameters of sildenafil were calculated by non-compartmental analysis.
Results  Concomitant use of sildenafil with a single oral dose of methylxanthines resulted in a decrease in Cmax (p > 0.05), 
AUC​0-t (p < 0.05) and AUC​0-inf (p < 0.05), while the administration of sildenafil after methylxanthines pretreatment resulted 
in an increase in Cmax (p < 0.0001), AUC​0-t (p < 0.0001) and AUC​0-inf (p < 0.001) compared to the sildenafil group. After 
co-administration of sildenafil and ketoconazole,  a significant increase in Cmax, AUC​0-t and AUC​0-inf was observed in both 
of the experiments.
Conclusion  Drug-herb interactions were observed when sildenafil was co-administered with Bancha methylxanthines in rats. 
Further in vivo studies about the potential drug interactions between sildenafil and methylxanthines, especially caffeine, are 
needed to clarify mechanisms underlying the observed changes in sildenafil pharmacokinetics.
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Introduction

Green tea is one of the most consumed beverages world-
wide. It is prepared from the leaves of Camellia sinensis (L.) 
Kuntze, Theaceae [1]. It contains a variety of biologically 
active compounds, such as polyphenols, polysaccharides, 
alkaloids, free amino acids and saponins. The most impor-
tant and well-studied tea polyphenols are  catechins. They 
are natural antioxidants and possess various health benefits, 

such as cancer prevention, anti-aging, anti-inflammatory and 
neuroprotective properties, weight loss, reducing cholesterol 
levels and antibacterial effect [1, 2].

Green tea is also a source of purine alkaloids and, in par-
ticular methylxanthines. Naturally occurring methylxan-
thines are caffeine, theophylline and theobromine [2]. The 
most abundant methylxanthine in green tea is caffeine while 
theophylline and theobromine are present in trace amounts. 
Caffeine is also present in coffee and cocoa and it is  a well-
known  stimulant of the central nervous system (CNS) as 
well as the cardiac and the respiratory system. It is used as 
an analgesic adjuvant. Theophylline is a bronchodilator and 
is used in the treatment of asthma and other lung diseases. 
Both theophylline and theobromine act as cardiac stimulants 
and dilators of coronary arteries. Several mechanisms con-
tribute to the pharmacological effects of methylxanthines 
and, in particular, caffeine. However, the most important 
mechanism of action at physiologically relevant doses is 
considered to be the antagonism of adenosine receptors 
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[1–5]. In humans, methylxanthines are metabolized in the 
liver mainly by CYP1A2 [6]. In addition, CYP3A4 is also 
involved in caffeine metabolism [7, 8].

There are different types of green tea depending on the 
time of harvest and subsequent manufacturing process, 
which determine their bioactive composition and antioxidant 
properties [9, 10]. Bancha green tea is a traditional Japanese 
tea product from the third or fourth harvest of green tea 
leaves [10, 11]. It is one of the main kinds of green tea con-
sumed in Japan [12]. In this regard, it was reported that Ban-
cha infusion contains less caffeine and L-theanine compared 
to other popular types of Japanese green tea, for instance, 
Sencha and Matcha, but there is contradictory information 
about its catechin content [9, 10, 13]. In addition, insufficient 
scientific information is available about the quantity of other 
bioactive compounds, health benefits, and potential herb-
drug interactions of Bancha green tea leaves.

Sildenafil is a selective inhibitor of phosphodiesterase 5 
(PDE5) that is used to treat erectile dysfunction and pulmo-
nary arterial hypertension [14]. Sildenafil is administered 
orally and is rapidly absorbed from the gastrointestinal tract. 
However, it has relatively low oral bioavailability (~ 40% in 
humans) probably due to extensive presystemic metabolism. 
Sildenafil is metabolized mainly by CYP3A4 and to a lesser 
extent by CYP2C9 to the active metabolite N-desmethyl-
sildenafil [15–17]. Due to the significant contribution of 
CYP3A4 in sildenafil metabolism, concomitant administra-
tion with drugs or herbal extracts that affect CYP3A4 activ-
ity may lead to drug-drug or drug-herb interactions respec-
tively resulting in an increased toxicity or therapy failure 
[16]. Several studies reported drug-herb interactions when 
sildenafil has been administered simultaneously with certain 
herbs [15, 16, 18–21].

The aim of the present study was to evaluate the influence 
of single and multiple oral doses of methylxanthine fraction 
isolated from Bancha tea leaves on the pharmacokinetics of 
sildenafil in rats.

Methods

Chemicals and reagents

Bancha tea leaves were provided by a local herbal store and 
were morphologically identified by Assoc. Prof. Iliya Zhelev 
from the Department of Biology, Faculty of Pharmacy at 
the Medical University of Varna, Bulgaria. Sildenafil, keto-
conazole, sodium carboxymethylcellulose, sulfuric acid, 
chloroform and sodium hydroxide were purchased from 
Sigma-Aldrich, GmbH. Methanol (≥ 99.8%, HPLC grade) 
was obtained from Fisher Chemicals, UK. Double-distilled 
water was laboratory prepared.

Extraction of methylxanthines

The extraction procedure of methylxanthines from Bancha 
tea leaves and their subsequent HPLC analysis were per-
formed according to a protocol previously developed by the 
authors [22]. Accurately weighed amount of Bancha green tea 
leaves (50.0 g) was extracted under reflux with distilled water 
(250.0 mL) for 60 min and filtered through a Buchner funnel. 
The obtained aqueous extract was acidified with 25% sulfuric 
acid (5.0 mL) and concentrated to half of its initial volume. 
Then, the hot solution was filtered and extracted four times 
with chloroform (50.0 mL) in a separating funnel. The chlo-
roform extract (200.0 mL) was washed twice with 5% sodium 
hydroxide solution (50.0 mL) and twice with distilled water 
(50.0 mL). After evaporation of the chloroform, the mixture of 
methylxanthines was obtained, and the percentage yield was 
calculated.

Development and validation of a HPLC‑UV 
method for qualitative and quantitative 
determination of sildenafil in rat plasma

Analytical conditions

HPLC analysis was performed on a Thermo scientific 
AQUASIL C18 (150.0 mm х 4.6 mm, 5.0 μm) analytical col-
umn, protected by a guard-column AQUASIL C18 (10.0 mm 
х 4.6 mm, 5.0 μm) with a flow rate at 0.6 mL/min and UV 
detection at 228 nm. The volume of injection was 20.0 μL. The 
mobile phase was in isocratic mode and it was a mixture of 
methanol and double-distilled and filtered water (85:15%, v/v). 
The temperature of the chromatographic column and the sam-
pler was maintained at 25°C. Systemic control, data collection 
and analysis were performed using the Thermo Scientific™ 
Chromeleon™ 7.2 Chromatography Data System software.

Standard and working solutions of sildenafil

Standard stock solution of sildenafil (0.05 mg/mL final con-
centration) was prepared by accurately weighing of sildena-
fil citrate (standard substance) and dissolving it in methanol. 
Subsequently, the working solutions were prepared by serial 
dilutions of the standard stock solution with methanol to obtain 
concentrations in the range of 5.0 to 100.0 ng/mL. All stock 
and working standard solutions were freshly prepared before 
the analysis.

Validation of the HPLC method

The HPLC method was validated according to the Interna-
tional Conference on Harmonisation (ICH) Q2(R1) Valida-
tion of Analytical Procedures: Text and Methodology [23].
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Quantification of sildenafil in biological samples

Concentration of sildenafil was calculated from the calibra-
tion curve using the method of external standardization. 
Calibration curve was constructed via sixfold analysis of 
standard sildenafil solutions at ten concentration levels in 
the range of 5.0 to 100.0 ng/mL.

Sample preparation

A protein precipitation technique was used for the extrac-
tion of sildenafil from biological specimens. Aliquotes of 
100.0 μL plasma were separately placed into 10.0 mL screw-
capped glass tubes. Thereafter each of them was treated with 
1.0 mL of the precipitating agent (methanol) and vortexed 
at 6000 x g for 30 s (ZX3 Advanced, Italy). The obtained 
precipitates were solidified via centrifugation at 5000 x g 
for 5 min (Ohaus Frontier FC5706, USA). Subsequently, 
each supernatant was transferred into clean 10.0 mL screw-
capped glass tube and 300.0 μL of methanol were added to 
the precipitates. Then the latter were vortexed at 6000 x g for 
30 s and centrifuged at 5000x g for 5 min. The second super-
natants were combined with the first one and after that the 
resulted samples were evaporated to dryness under nitrogen 
stream at 40°C. The dry residues were dissolved in 200.0 μL 
of double-distilled water, vortexed for 30 s and centrifuged 
at 5000 x g for 5 min. Then 20.0 μL of the supernatants were 
injected into the HPLC-UV system.

Spiked plasma samples were used for the sample prepara-
tion and HPLC methods development. The specimens were 
prepared by the addition of 100.0 μL standard solutions of 
sildenafil (at different concentration levels) to 100.0 μL of 
blank rat plasma. All samples were vortexed at 6000 x g for 
30 s. Thus, a series of samples with concentrations in the 
range of 5.0 to 100.0 ng/mL were obtained and then sub-
jected to the aforementioned protein precipitation procedure 
and HPLC analysis.

Animals

Male Wistar rats (n = 144) weighing 220–250 g were used 
for the pharmacokinetic experiments. They were preferred 
to female ones due to the concern that the estrous cycle may 
influence the results [24]. The animals were obtained from 
the vivarium of Medical University, Varna, Bulgaria. They 
were healthy and not genetically modified. The rats were 
housed in stainless steel cages at 23 ± 2°C in a well-ven-
tilated room on a 12 h light/dark cycle with free access to 
standard rat chow and water. The humidity of the room was 
50 ± 10%. Before the beginning of the experiments, animals 
were acclimated for one week. For allocation of the animals, 
computer generated random numbers were used. To mini-
mize the potential confounders, rodents were treated at the 

same time and in the same order every day. In addition, there 
was no change in the animals location during the experi-
ments. Worsening of the physical condition, dyspnea and 
paralysis were determined as humane endpoints. Rats were 
monitored twice daily for signs of health problems.

This study was performed in accordance with the national 
requirements for protection and humane treatment of labora-
tory animals, complying with Directive 2010/63/EU of the 
European Parliament and of the Council on the protection 
of animals used for scientific purposes. All experimental 
procedures in the present study were approved by the Bul-
garian Food Safety Agency (permission № 175). A protocol 
was not registered.

Experimental design

The doses of methylxanthines and sildenafil were chosen 
after conversion of human to animal dose according to the 
following formula [25]:

All substances were administered by oral gavage. Silde-
nafil and ketoconazole were suspended in 1% solution of 
sodium carboxymethylcellulose, while the methylxanthine 
fraction was dissolved in hot double-distilled water. The ani-
mals were fasted overnight, with free access to water, prior 
to sildenafil administration. At the end of each experiment, 
blood samples were taken from the rats’ sublingual vein as 
this technique is easy to perform and less stressful for ani-
mals [26]. The blood was collected at certain time points 
for determination of sildenafil plasma concentration. After 
the blood was obtained, the rats’ liver and kidneys were 
immediately removed and washed with ice-cold saline for 
subsequent analysis of sildenafil tissue concentration. Blood 
samples were centrifuged at 5000 x g for 5 min and plasma 
was collected. Plasma samples were frozen at −20°C, while 
organs were frozen at −80°C until the analysis. All rats were 
euthanized by cervical dislocation under diethyl ether anes-
thesia. The humane endpoints were not reached in any of 
the experiments.

Pharmacokinetics of sildenafil after a single oral dose 
of methylxanthine fraction

Rats were randomly divided into three groups (n = 24; 6 
animals per time point to ensure statistical significance of 
the obtained results). All substances were administered 
orally as a single dose. Group 1 (sildenafil group; control 
group) received 1.0 mL of sildenafil (60.0 mg/kg). Rats 
from group 2 (positive control) received 1.0 mL of keto-
conazole (10.0 mg/kg) and 1.0 mL of sildenafil (60.0 mg/kg) 

HED (mg∕kg) =Animal dose (mg∕kg)

× (animal weight (kg) ÷ human weight (kg))0.33
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30 min after ketoconazole administration. Rats from group 
3 received 1.0 mL of methylxanthines solution (5.7 mg/kg) 
and 1.0 mL of sildenafil (60.0 mg/kg) 30 min after methylx-
anthines intake. Blood samples were taken at the following 
time points: 0.5, 1, 3 and 6 h after sildenafil dosing.

Pharmacokinetics of sildenafil after multiple oral doses 
of methylxanthine fraction

All experimental procedures were performed twice daily 
in the intervals between 8 a.m. and 10 a.m., and between 
4 p.m. and 5 p.m. Rats were randomly divided into three 
groups (n = 24; 6 animals per time point). Group 1 (sildenafil 
group; control group) and group 2 (positive control) received 
1.0 mL of saline twice daily for 7 consecutive days. Rats in 
group 1 received 1.0 mL of sildenafil (2.5 mg/kg) on the 
8th day 30 min after saline administration. Rats in group 2 
(positive control) received 1.0 mL of ketoconazole (10.0 mg/
kg) on the 8th day and 1.0 mL of sildenafil (2.5 mg/kg) 
30 min after ketoconazole administration. Rats from group 
3 were pretreated with 1.0 mL of methylxanthines solution 
(5.7 mg/kg) twice daily for 7 consecutive days and on the 
8th day received 1.0 mL of sildenafil (2.5 mg/kg) 30 min 
after methylxanthines intake. Blood samples were collected 
at the following time points: 0.5, 1, 2 and 3 h after sildenafil 
administration. All rats were euthanized on the 8th day of 
the experiment.

Pharmacokinetic and statistical analysis

The plasma concentration–time profiles of sildenafil were 
analyzed by non-compartmental analysis using the PKSolver 
version 2.0 (a menu-driven add-in program for Microsoft 
Excel) [27]. The following pharmacokinetic parameters 
were calculated: maximum plasma concentration (Cmax), 
time to reach maximum plasma concentration (Tmax), area 
under the curve from time zero to the last measurable con-
centration (AUC​0-t), area under the curve from time zero to 
infinity (AUC​0-inf), apparent volume of distribution (Vz/F) 
and apparent clearance (Cl/F). The values for Cmax and Tmax 
were obtained directly from the plasma concentration-time 
curves. The AUC​0-t and AUC​0–inf were determined by the 
linear trapezoidal method for the detected values and sub-
sequent extrapolation to infinity for calculation of AUC​0-inf.

The results are expressed as mean ± standard deviation 
(SD). Statistical comparisons of the pharmacokinetic param-
eters between the groups were performed using an analysis 
of variance (ANOVA) followed by Dunnett’s test. A two-
tailed p value ≤0.05 was considered statistically significant. 
Statistical analysis was performed using GraphPad Prism 
version 9.2.0 (332).

Results

Quantification of sildenafil in rat plasma

A validated HPLC-UV method was applied for quantitative 
analysis of sildenafil in rat plasma. The observed accuracy 
and precision fulfilled the criteria of ICH [23]. Linearity 
of the method was confirmed by the correlation coefficient 
(R2 > 0.998). The limits of detection and quantitation for 
sildenafil were 1.5 ng/mL and 5.0 ng/mL, respectively. A 
representative chromatogram of a test specimen is shown 
in Fig. 1.

The proposed protein precipitation method provided 
≥93% recovery of sildenafil in all concentration levels (± 
1.89% for spiked samples). In addition, no interfering endog-
enous or exogenous constituents were eluted in the analyte 
retention time, which once again proves the suitability of the 
sample preparation technique.

Effect of methylxanthine fraction 
on the pharmacokinetic of sildenafil

Both single and multiple oral doses of Bancha methylxan-
thines altered sildenafil pharmacokinetics in rats. However, 
single and multiple administration of methylxanthines affect 
the pharmacokinetic parameters of sildenafil in a different 
way.

Influence of a single oral dose of methylxanthine 
fraction on the pharmacokinetics of sildenafil

Concomitant use of sildenafil with a single oral dose of 
Bancha methylxanthines showed changes in some of the 
pharmacokinetic parameters of sildenafil, compared to 
sildenafil administration alone. When sildenafil was admin-
istered simultaneously with ketoconazole, an increase in 
sildenafil plasma levels was observed, compared to silde-
nafil group. The mean plasma concentration-time profiles 
of sildenafil alone and after administration of ketoconazole 
or methylxanthines are shown on Fig. 2. Following silde-
nafil intake alone (60.0 mg/kg) the mean maximum plasma 
concentration (Cmax) was 152.82 ± 31.41 ng/mL. The main 
pharmacokinetic parameters of sildenafil in each group are 
presented in Table 1. Oral administration of sildenafil with 
a single dose of methylxanthines resulted in a decrease in 
Cmax (29.44%), AUC​0–6 (33.06%) and AUC​0-inf (29.60%), 
compared to the sildenafil group. The reduction in Cmax 
was not significant (p > 0.05), unlike the reduction of 
AUCs that were statistically significant (p < 0.05). After co-
administration of sildenafil with ketoconazole a significant 
increase in Cmax (p < 0.01), AUC​0–6 and AUC​0-inf (p < 0.05) 
was observed, compared to the sildenafil group. The values 
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for Cmax, AUC​0–6 and AUC​0-inf were elevated by 61.97%, 
49.84% and 43.45%, respectively. The Tmax values were the 
same in all groups (1 h). No statistically significant differ-
ences were detected in the value of Cl/F. The value of Vz/F 
was increased by methylxanthines and decreased by keto-
conazole, compared to group 1. The differences in Cmax and 
AUC​0-inf between the groups are shown on Figs. 3 and 4.

Influence of multiple oral doses of methylxanthine 
fraction on the pharmacokinetics of sildenafil

Sildenafil maximum plasma concentration (Cmax) after a 
single oral dose of 2.5 mg/kg in rats was 15.96 ± 2.45 ng/
mL and Tmax was 0.5 h. The mean plasma concentration-
time profiles of sildenafil alone, after administration of 
ketoconazole or after multiple doses of methylxanthines 
are shown on Fig. 5. Administration of sildenafil after pre-
treatment with Bancha methylxanthines in rats resulted in a 
statistically significant increase in Cmax (p < 0.0001), AUC​
0–3 (p < 0.0001) and AUC​0-inf (p < 0.001). Furthermore, 
methylxanthines delayed the time to reach sildenafil peak 
plasma concentration (Tmax = 1 h). The main pharmacoki-
netic parameters of sildenafil in each group are shown in 
Table 2. In the ketoconazole group it was also observed an 
increase in sildenafil Cmax (p < 0.001), AUC​0–3 (p < 0.001) 
and AUC​0-inf (p < 0.001), as well as a Tmax delay (Tmax = 1 h). 
The observed values for sildenafil Cmax, AUC​0–3 and AUC​
0-inf after pretreatment with methylxanthines were close 
to those observed after co-administration of ketoconazole 
(elevation above 100% compared to the sildenafil group). 
Figures 6 and 7 present a comparison of Cmax and AUC​0-inf 
between the groups. Both methylxanthines and ketoconazole 
resulted in a significant decrease in Vz/F and Cl/F, compared 
to sildenafil administration alone.

Fig. 1   Representative chromatogram of а rat plasma sample obtained after single oral administration of sildenafil (2.5 mg/kg)

Fig. 2   Plasma concentration-time profile (mean ± SD) of sildenafil 
after a single oral dose (60.0 mg/kg) in rats
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Discussion

Nowadays, many herbs, beverages and food supplements 
are used daily in physiologically relevant doses for dis-
ease prevention or treatment. Some of them have been 
shown to inhibit or induce CYP450 activity in vitro and 
in vivo. Therefore, clinically significant interactions may 
occur if co-administered with certain drugs [28]. Green 
tea and coffee are among the most popular and consumed 
beverages worldwide and both of them may influence the 
pharmacokinetics of certain drugs [29, 30]. Both green 
tea and coffee contain a variety of bioactive compounds, 
including methylxanthines, mainly caffeine, that exert cer-
tain pharmacological effects [31]. Caffeine is metabolized 
mainly by CYP1A2 in humans and concomitant use with 
CYP1A2 substrates may result in an inhibition of their 
metabolism and increased risk of adverse reactions [29]. 
It is also reported that caffeine is a CYP3A4 substrate, but 
scarce information is available about the potential interac-
tions when caffeine is co-administered with drugs that are 
predominantly metabolized by CYP3A4 [32]. In our previ-
ous study methylxanthine fraction isolated from Bancha 

Table 1   Pharmacokinetic 
parameters of sildenafil after 
a single oral dose (60.0 mg/
kg) in rats alone and in 
combination with ketoconazole 
or methylxanthines

Values are expressed as mean ± SD (n = 24). * p ≤ 0.05, ** p ≤ 0.01, compared to the sildenafil group

Pharmacokinetic parameter Sildenafil Sildenafil + Ketoconazole Sildenafil + Methylxanthines
(control group) (positive control group)

Cmax (ng/mL) 152.82 ± 31.41 247.53 ± 48.80 ** 107.83 ± 32.42
Tmax (h) 1 1 1
AUC​0–6 (ng*h/mL) 626.83 ± 125.77 939.23 ± 190.64 * 419.60 ± 97.31 *
AUC​0-inf (ng*h/mL) 1042.94 ± 227.53 1496.11 ± 332.03 * 734.20 ± 145.33 *
Vz/F (L/kg) 0.37 ± 0.08 0.23 ± 0.06 * 0.55 ± 0.13 *
Cl/F ((mg/kg)/(ng/ml)/h) 0.06 ± 0.02 0.04 ± 0.01 0.09 ± 0.02

Fig. 3   Maximum plasma concentration (Cmax) of sildenafil alone 
(60.0 mg/kg) and in the presence of ketoconazole or methylxanthines 
in rats. Values are expressed as mean ± SD, ** p ≤ 0.01, ns – non sig-
nificant compared to the sildenafil group

Fig. 4   Sildenafil area under the curve from time zero to infinity (AUC​
0-inf) alone (60.0 mg/kg) and in the presence of ketoconazole or meth-
ylxanthines in rats. Values are expressed as mean ± SD, * p ≤ 0.05 
compared to the sildenafil group

Fig. 5   Plasma concentration-time profile (mean ± SD) of sildenafil 
after a single oral dose (2.5 mg/kg) in rats
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green tea showed strong inhibition on CYP3A4 activity 
in vitro [22]. Another study reported that coffee inhibits 
CYP3A4 activity in vitro but not in vivo [33].

Тhe purpose of the present study was to assess the poten-
tial interactions between sildenafil and methylxanthines 
extracted from Bancha tea leaves in vivo. In the isolated 
methylxanthine fraction, a large amount of caffeine (87.74%) 
was found. The dose of methylxanthines used in the experi-
ments was 5.7 mg/kg of dried powdered methylxanthines 
that is equivalent to 5.0 mg/kg caffeine. The human equiva-
lent dose (HED) is approximately 48.0 mg of caffeine, an 
amount that can be found in a cup of tea [31]. In both experi-
ments were observed changes in the pharmacokinetics of 
sildenafil after the co-administration of ketoconazole – a 
well-known inhibitor of CYP3A4 that was used as a posi-
tive control [34].

In the first experiment single doses of methylxanthines 
and sildenafil were orally administered with a 30-min time 
interval. Pharmacokinetic parameters of sildenafil after 
co-administration of methylxanthines were compared to 
those observed after sildenafil administration alone and 
after concomitant use with ketoconazole. A single dose of 
methylxanthines resulted in a non-significant reduction in 
sildenafil Cmax and statistically significant decrease in AUC​
0–6 and AUC​0-inf, compared to the sildenafil group. On the 
contrary, a single dose of ketoconazole resulted in a statis-
tically significant increase in sildenafil Cmax, AUC​0–6 and 
AUC​0-inf, as was expected and previously reported [35]. The 
observed reduction in sildenafil plasma levels may be due to 
decreased absorption of sildenafil by methylxanthines and, 
in particular, caffeine. Caffeine stimulates gastric acid secre-
tion and decreases the gastrointestinal pH that may affect 
absorption of weak basic drugs, such as midazolam [29, 
36]. Sildenafil, used in the form of sildenafil citrate, is a 
weak base and its absorption may also be decreased due to 
change in the gastrointestinal pH, similar to midazolam [37]. 
It was reported that caffeine may induce the expression of 
CYP1A2 and sulfotransferases in rats [38–40]. On the other 
hand, there isn’t any available data about the impact of these 

Table 2   Pharmacokinetic 
parameters of sildenafil 
after a single oral dose 
(2.5 mg/kg) in rats alone, in 
combination with ketoconazole 
or after pretreatment with 
methylxanthines

Values are expressed as mean ± SD (n = 24). ** p < 0.01, *** p < 0.001, **** p < 0.0001, compared to the 
sildenafil group

Pharmacokinetic parameter Sildenafil Sildenafil + Ketoconazole Sildenafil + Methylxanthines
(control group) (positive control group)

Cmax (ng/mL) 15.96 ± 2.45 42.75 ± 6.81 *** 37.42 ± 3.44 ****
Tmax (h) 0.5 1 1
AUC​0–3 (ng*h/mL) 16.20 ± 2.73 64.31 ± 12.92 *** 56.27 ± 8.83 ****
AUC​0-inf (ng*h/mL) 23.28 ± 4.17 70.20 ± 14.59 *** 63.91 ± 11.56 ***
Vz/F (L/kg) 0.15 ± 0.02 0.04 ± 0.01 **** 0.05 ± 0.004 ***
Cl/F ((mg/kg)/(ng/ml)/h) 0.11 ± 0.02 0.04 ± 0.01 *** 0.04 ± 0.01 ***

Fig. 6   Maximum plasma concentration (Cmax) of sildenafil alone 
(2.5  mg/kg), after co-administration of ketoconazole or after pre-
treatment with methylxanthines in rats. Values are expressed as 
mean ± SD, *** p ≤ 0.001, **** p ≤ 0.0001, compared to the sildena-
fil group

Fig. 7   Sildenafil area under the curve from time zero to infinity (AUC​
0-inf) alone (2.5  mg/kg), after co-administration of ketoconazole or 
after pretreatment with methylxanthines in rats. Values are expressed 
as mean ± SD, *** p ≤ 0.001, compared to the sildenafil group
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enzymes on sildenafil metabolism. Therefore, it cannot be 
considered that this is the mechanism behind the observed 
results. Another possible explanation for the reduced plasma 
levels of sildenafil is that caffeine increases heart rate and 
blood pressure and may also increase cardiac output result-
ing in an increased liver blood flow [41]. Sildenafil is an 
intermediate to high extraction ratio drug, thus its clearance 
will increase with the rise in liver blood flow [42]. Caffeine 
also increases glomerular blood pressure and may lead to an 
increased renal excretion of drugs [29]. In this study a much 
higher dose of sildenafil was administered to rats to obtain 
high plasma concentrations, since sildenafil has a lower oral 
bioavailability, shorter plasma half-life and higher metabolic 
clearance in male rats compared to humans [43]. The dose of 
60.0 mg/kg was selected based on toxicological studies [44].

In the second experiment sildenafil was administered to 
rats after methylxanthines pretreatment and its pharmacoki-
netic parameters were compared to those after its adminis-
tration alone, as well as after simultaneous intake of keto-
conazole. The dose of sildenafil (2.5 mg/kg) was selected 
after conversion of human equivalent dose of 25.0  mg 
to animal dose. In this case, methylxanthines increased 
sildenafil Cmax, AUC​0–3, AUC​0-inf and decreased Vz/F and 
Cl/F, compared to group 1. The values were close to those 
observed after ketoconazole administration. The results may 
be explained with inhibition of CYP450 enzymes involved 
in sildenafil metabolism. Biotransformation of sildenafil 
in male rats is mediated by CYP3A4 and CYP2C11 [39, 
45]. The CYP1A2, CYP2C11 and CYP3A4 enzymes are 
involved in caffeine metabolism in rats [46, 47]. Therefore, 
it is possible that both sildenafil and caffeine compete for the 
same enzyme (CYP3A4 or CYP2C11) and this may result 
in a decreased enzyme ability to metabolize drugs. Green 
tea extract and green tea catechins inhibit the activity of 
CYP3A4, CYP2D6, P-glycoprotein and organic anion trans-
porting polypeptides (OATPs) but little is known about the 
impact of methylxanthines on this enzymes and transporters 
[48, 49]. One study reported that decaffeinated green tea 
extract is unlikely to alter the pharmacokinetics of CYP3A4 
and CYP2D6 substrates which supports the assumption that 
caffeine may affect CYP3A4 activity [50].

This study has some limitations. One of them is the 
insufficient scientific information about the possible 
impact of methylxanthines on the activity of CYP3A4, 
as well as possible drug interactions with CYP3A4 sub-
strates. However, as it was already mentioned, in our pre-
liminary study we observed that methylxanthines show 
strong inhibition of CYP3A4 activity in vitro. Thus, we 
decided to undertake an in vivo study for confirmation of 
the in vitro results. Another possible limitation may be 
the variability in drug pharmacokinetics between humans 
and rats [51–53]. Despite the potential differences between 

species, it was reported that rat is an appropriate model for 
investigation of sildenafil pharmacokinetics. Sildenafil is 
metabolized mainly by CYP3A and CYP2C enzymes in 
humans and rats. The isoforms of these enzymes are very 
similar in both species and have more than 70% homology. 
In addition, the major metabolite is the same in humans 
and rats [54, 55]. Therefore, the results obtained should be 
taken into account when considering simultaneous admin-
istration of methylxanthines with sildenafil and subsequent 
in vivo studies should be performed.

Conclusion

In summary, drug-herb interactions were detected when 
sildenafil was co-administered with Bancha methylxan-
thines in rats. The observed changes in sildenafil Cmax, 
AUC​0-t and AUC​0-inf indicate that the duration of methyl-
xanthines intake may be essential for the drug’s pharma-
cokinetics. However, further in vivo studies are needed 
to clarify the mechanism underlying the observed inter-
actions. In conclusion, at this state of knowledge, it is 
recommended to avoid the concomitant use of sildenafil 
with beverages and dietary supplements that contain large 
amounts of methylxanthines, especially caffeine.
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